Motivated by the absence of dark matter signals in direct detection experiments (such as the recent LUX and PandaX-II experiments) and the discovery of gravitational waves (GWs) at aLIGO, we discuss the possibility to explore a generic classes of scalar dark matter models using the complementary searches via phase transition GWs and the future lepton collider signatures. We focus on the inert scalar multiplet dark matter models and the mixed inert scalar dark matter models, which could undergo a strong first-order phase transitions during the evolution of the early universe, and might produce detectable phase transition GW signals at future GW experiments, such as eLISA, DECIGO and BBO. We find that the future GW signature, together with circular electron-positron collider, could further explore the model's blind spot parameter region, at which the dark matter-Higgs coupling is identically zero, thus avoiding the dark matter spin-independent direct detection constraints.
I. INTRODUCTION
A brand new door has been opened to study the fundamental physics and the particle cosmology by the gravitational waves (GWs) after the discovery of the GWs by Advanced Laser Interferometer Gravitational Wave Observatory (aLIGO) [1] . One active research field is the idea of probing the new physics through phase transition GWs, where a strong first-order phase transition (FOPT) is induced by the new physics models and can produce detectable GW signals from three mechanisms: collisions of expanding bubbles walls, magnetohydrodynamic turbulence of bubbles and sound waves in the hot plasma of the early universe [2] [3] [4] [5] [6] [7] [8] [9] . Various new physics models have been studied by the new approach of GW signals in the post aLIGO era [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , such as the GW detection of the dark matter (DM) [23, 24] , the hidden sector [11, 12, 19, 22, 25] and the electroweak baryogenesis [10, 17, 18, 21, 27] . Another important puzzle in particle cosmology is the particle nature of the DM. Usually there are three ways to search for particle DM: direct detection, indirect detection, and collider searches. With the experimental precision of the DM direct detection are gradually approaching the neutrino backgrounds, such as the recent LUX and PandaX-II experiments [28, 29] , GWs may become a new approach to explore the existence of DM since in a large classes of DM models where a FOPT can be trigged by the DM particles and other associated particles [30] [31] [32] . In general, a strong FOPT can be In this paper, we study the chance to explore a general classes of DM models through phase transition GW signals since the GW signal becomes a novel approach to study the property of the various new physics models with extended Higgs sector after the discovery of Higgs boson at LHC and GWs at aLIGO. And the extended Higgs sector could incorporate the scalar DM candidate. One generic classes of new physics models are the inert multiplet scalar DM models [37, 38] and mixed scalar DM models [39, 40] . In these models, the scalar multiplets usually belong to a hidden sector, and thus contain the DM candidate. At the same time, we know that usually extra scalars could change the phase transition structure for the standard model (SM) Higgs boson around the temperature of the electroweak scale. Due to extra scalar degree of freedom in the thermal plasma, the extra inert scalars could enhance the strength of the electroweak phase transition. On the other hand, these models typically encounter the tension between tight direct detection constraints and the strong FOPT. To avoid the tighter and tighter direct detection constraints, we could focus on the blind spot region, at which the Higgs-DM coupling is identically zero, thus avoiding the DM spin-independent direct detection constraints. In the scalar multiplet DM models, usually there is strong correlation between the Higgs-DM coupling and the strong FOPT: zero Higgs-DM coupling indicates there is no effect on the electroweak phase transition from the inert DM sector. The only exception in the single scalar multiplet DM models is the inert doublet model arXiv:1704.04201v1 [hep-ph] 13 Apr 2017 (IDM) [41, 42] , in which although the direct detection rate could be tiny the strong FOPT could be realized. In the blind spot region, requiring the observed relic abundance, the allowed parameter space in IDM is very limited [43] . To enlarge the allowed parameter region, we consider the mixed inert DM models, in which two inert scalars are mixed [39, 40] , and thus there is large blind spot parameter region. We will study the possibility to obtain strong FOPT in the blind spot parameter region in the mixed DM models. We expect that the GW signature could further explore the parameter region which has not yet been explored by the direct DM detection experiments. This paper is organized as follows: In Section II, we discuss the general inert scalar DM model, and point out the IDM in the blind spot region could lead to the GW signals while avoiding the DM constraints. In Section III, the mixed inert scalar models are investigated in the blind spot region with the DM constraints and the GW signals. In Section IV, we show our final discussions and conclusions.
II. MULTIPLET DARK MATTERS AND GRAVITATIONAL WAVES
Let us start from a class of DM models in which the SM is extended by adding an electroweak scalar multiplet. The scalar multiplet is Z 2 -odd under an imposed global Z 2 symmetry. In certain hypercharge assignment, the neutral component in the scalar multiplet could be the lightest particle in the multiplet, and thus it could be a possible DM candidate. This class of models have been wellstudied in the inert isospin-singlet [44] , doublet [41, 42] , and triplet [45] cases. And a general DM multiplets in terms of the SU (2) L representations have also been investigated systematically [37, 38] . In general, the scalar multiplet H n belongs to the representation n of the SU (2) group, with hypercharge Y under the transformation of the SU (2) L × U (1) Y gauge group
To make the real component H as the DM candidate, λ 345 = λ 3 + λ 4 + λ 5 < λ 3 and λ 5 < 0 is needed. For a complex multiplet with higher isospin, for simplicity we will only focus on the case with hypercharge Y = 0 3 in this work. As shown in Ref. [38] , typically the complex triplet with Y = 0 can be viewed as two real triplets.
Firstly, we discuss the FOPT induced by the inert scalar models. Up to one-loop level, the effective potential at the finite temperature can be written as
where V ther (Φ, T ) + V daisy (Φ, T ) is the thermal effects with the daisy resummation and V CW (Φ) is the ColemanWeinberg potential at zero temperature. In the inert scalar models, the necessary potential barrier for the strong FOPT in the effective potential at the finite temperature origins from thermal loop effects, where the bosons contribute to the effective potential with the form
boson (Φ, T ) 3/2 in the limit of hightemperature expansion. For the heavy fields whose masses are much larger than the critical temperature, the contributions from heavy particles can be omitted due to Boltzmann suppression. This can help to simplify our discussions when the models have many new fields at different energy scales. Thus, due to the above considerations and the fact that we only study the inert scalar models and the thermal barrier induced strong FOPT, the parameter space of very large mass scalar new bosons are not favored since the field independent term in the thermal masses should be small enough in order not to dilute the cubic terms. We focus our study in the case without very heavy scalars. Therefore, to begin with the concrete prediction of the GW signals in the following examples, the general effective potential near the phase transition temperature can be further approximated by
Here, h represents the Higgs boson field in the unitary gauge as Φ = h/ √ 2, where the angle bracket means the vacuum expectation value (VEV) of the field. The coefficient ε quantifies the total interactions between the light bosons and the Higgs boson. In the SM, we have
Thus, in this case of qualitative analysis, the washout parameter can be obtained as
, and it should be larger than one for a strong FOPT. In inert scalar models, the washout parameter usually is approximately proportional to the Higgs-inert scalar coupling λ 3 for the potential in Eq.(3). Roughly, a larger Higgs-inert scalar coupling produces a stronger FOPT. For high multiplets, the situation becomes more complicated due to the large thermal mass coming from gauge interactions. The large thermal masses on the new scalars cause plasma screening, and thus decrease the strength of the phase transition. Therefore, there are two parameters which control the strong FOPT: the Higgs-inert scalar coupling, and the thermal mass coming from gauge interactions.
We know that the Higgs-inert scalar coupling is usually constrained by the DM direct detection experiments. The tree-level interaction between the DM and the nucleon is through the Higgs boson exchange, which induces the elastic spin-independent cross section
where the Higgs-DM coupling λ hχχ = λ 345 /2 for inert doublet, and λ hχχ = λ 3 /2 for other intert multiplet. Current DM direct detection experiments [28, 29] constrain that the λ hχχ is around 0.012 for about 100 GeV DM mass. In general, the coupling λ hχχ in direct detection is the same as the one which mainly controls the strong FOPT. Thus the tighter direct detection constraint, the less significance of the FOPT. The only exception is the IDM. In the IDM, due to the extra interaction terms in the scalar potential, the strong correlation between direct detection constraints and FOPT can be avoided. We will focus on the blind spot region in IDM, in which although the direct detection constraint can be evaded, the strong FOPT can be induced. Thus, the corresponding phase transition GWs can be produced and the DM abundance can be explained.
A. Inert Singlet, Triplet and Multiplet Scalar Models
In the inert singlet model, the Higgs portal term λ 3 |Φ| 2 S 2 /2 is crucial, where we use S represent the inert singlet scalar instead of H 1 . The corresponding washout parameter in the inert singlet model is approximately
In the inert triplet model, we only consider a simple model with an SU (2) L triplet scalar H 3 (1, 3, 0) with a zero hypercharge. The relevant term involving the triplet scalar
). The corresponding washout parameter in the inert triplet model is approximately
However, in both models the direct DM search puts strong constraint λ 3 0.01, which means the FOPT is forbidden by the DM direct experiments. For a general n-multiplet inert scalar H n models, there are two competing sources which affect the strong FOPT [46] :
• plasma screening due to large thermal mass coming from gauge interactions.
Typically the higher multiplet, the larger screening and decoupling effects, which weaken the FOPT. According to Ref. [46] , for a multiplet with n > 3, the screening effects significantly decrease the strength of the FOPT. Furthermore, another severe constraint for high multiplet model is from Higgs diphoton rate with all the charged scalars running in the loop. For the real scalar multiplet with n > 3, the Higgs coupling measurement data put very strong constraints on the masses of the scalar multiplet to be greater than 300 GeV, which makes the scalar degree of freedom decoupled from the plasma.
B. Inert Doublet Model
As mentioned above, usually the blind spot region with zero Higgs-DM coupling indicates the DM sector does not affect the electroweak phase transition. In IDM, zero Higgs-DM coupling does not indicate zero Higgs-inert scalar couplings are zero. There is no correlation between direct detection and strong FOPT in IDM. Therefore, we expect to obtain the strong FOPT and detectable GW signals in the blind spot parameter region.
We investigate the finite temperature effective potential and discuss conditions of strong FOPT in detail [46] [47] [48] [49] . The relevant scalar potential in the IDM is given in Eq. (4) where H 2 stands for the inert doublet scalar without VEV. In the IDM, we assume that only Φ can acquire VEV, namely Φ T = (0, v + h)/ √ 2 and H is the lightest component of the inert doublet H 2 with the mass m
2 . Thus, the particle H is the DM candidate here. The other neutral scalar mass is m
, and the charged scalar mass is m
The thermal phase transition with full 2-loop effective potential has been studied recently [50] and it shows the one-loop effective potential in the high temperature expansion is rather reliable in the IDM. To clearly see the phase transition physics and simplify the following discussions on the phase transition GW signals, we take the following approximation of the one-loop effective potential including the daisy resummation:
where log c a = 5.408 and log c b = 2.635. In the effective potential, the particles running in the loop are the particles in the model with the following degrees of freedom:
The field-dependent masses of the gauge bosons and the top quark at zero temperature are given by
where y t is the top Yukawa coupling. The field-dependent thermal masses at the temperature T are
where c 1 = 
16
. In the above formulae, we have considered the contribution from daisy resummation, which reads as
Here, the thermal field-dependent masses m
, where Π i (h, T ) is the bosonic field i's self-energy in the IR limit. As in the SM, this cubic term is the unique source to produce a thermal barrier in the effective potential, and in the Higgs sector extended models, the new degree of freedoms in the inert scalar models increase the barrier and hence produce strong FOPT. However, the cubic terms should be large enough to produce a strong FOPT. To avoid diluting the cubic contribution to the thermal barrier, the Higgs boson field independent term needs to be very small [31, 51] . Then, the corresponding washout parameter in the IDM is roughly
6πλ .
From Eq.(6) and the washout parameter, we find that small DM direct detection rate and strong FOPT can be realized when we take the blind spot region, in which λ hχχ = λ 345 /2 approaches to zero 4 . The DM model of IDM needs to satisfy the required DM relic density observed from Planck: Ωh 2 = 0.1184 ± 0.0012 [52] . This put very strict constraints on the IDM: the DM mass is determined to be m χ > 540 GeV [38] except for the parameter region with large mass splitting between charged and neutral components. For the DM mass lower than m h /2, the Higgs invisible decay puts very tight constraint on the parameter space. According to the latest study [43] , there are two viable mass regions:
• near Higgs funnel region with large mass splitting between charged and neutral components: m χ around 55 ∼ 75 GeV with λ 345 < 0.04;
• heavy DM region: m H > 540 GeV with λ 345 in a broader range as m χ gets heavier.
To keep the scalar non-decoupled from the thermal plasma, it is necessary to have light DM. The dominant DM annihilation channel will be χχ → W W * , ZZ * with contact, t-and s-channels. We will focus on the DM mass around 55 ∼ 75 GeV, and the blind spot region with λ 345 0. Combined the direct DM constraints, the DM relic density, collider constraints [43] and the conditions for strong FOPT, this light mass region 55 ∼ 75 GeV is favored. The strong FOPT can be produced if λ 3 /2 and (λ 3 +λ 4 −λ 5 )/2 are order 1, then detectable GW signals can be produced, while keep the coupling between Higgs boson and DM pair small enough to satisfy DM direct experiments and relic density.
Considering the above discussion, we take one set of benchmark points λ 3 = 2.84726, λ 4 = λ 5 = −1.41293 and M D = 60.89 GeV. Then, the corresponding DM mass is 66 GeV, the pseudo scalar mass and the charged scalar mass are both 300 GeV, λ hχχ = λ 345 /2 = 0.0107. Taking this set of benchmark points, the relic density, DM direct search, collider constraints and a strong FOPT The phase transition GW spectra h 2 ΩGW in the IDM. The colored regions represent the expected sensitivities of GW interferometers U-DECIGO, DECIGO, BBO and eLISA, respectively. The black line depicts the GW spectra in the IDM for the set of benchmark points, which also represents the corresponding hZ cross section deviation at the 240 GeV CEPC and the corresponding DM coupling.
can be satisfied simultaneously. Using the methods and formulae in the appendix, the phase transition GW signal is shown in Fig.1 , which is just within the sensitivity of BBO and U-DICIGO. The colored regions represent the sensitivities of different GW experiments (DECIGO [53] , eLISA [54] , BBO, and U-DECIGO [36] ), and the black line corresponds to the GW signals, which also means the hZ cross section (e + + e − → h + Z) deviation from the SM in 240 GeV circular electron-positron collider (CEPC). At the 240 GeV CEPC [55] with an integrated luminosity of 10 ab −1 , the precision of σ hZ could be about 0.4% [56] . And at the 240 GeV CEPC, the deviation of the hZ cross section δ hZ ≡ σ−σ SM σ SM at one-loop level [57] is about 1.68% [58, 59] , which is well within the sensitivity of CEPC. The international linear collider (ILC) [56] can also test this model. The GW signal and the hZ cross section deviation at future lepton collider can make a double test on the DM of IDM as shown in Fig. 1 .
III. GRAVITATIONAL WAVES IN MIXED DARK MATTERS
We have discussed FOPT and GWs if there is only one single multiplet scalar dark matter in the dark sector. Due to the tight correlation between strong FOPT and the DM direct detection, only the IDM is viable for strong FOPT and detectable GWs. Based on the relic density requirement, the IDM has very limited viable parameter region: m χ 55 ∼ 75 GeV, and the blind spot region λ 345 0. In this section, we would like to extend the single DM multiplet models into the mixed scalar DM models.
The mixed scalar DM scenario involves in several Z 2 -odd scalar multiplets in the dark sector, which could be mixed. The simplest models involve in two dark matter multiplets: the mixed singlet-doublet model (MSDM) and the mixed singlet-triplet model (MSTM) [39, 40] . Compared to the single scalar DM, the advantages of the mixed DM scenario are
• It is easy to obtain a large blind spot region, at which the DM-Higgs coupling is zero.;
• If the DM is mixture of a singlet and multiplet (welltempered), the relic density could be realized in a large DM mass range;
• There are more degree of freedoms which contribute to the thermal barriers of the electroweak phase transition.
From the above, we note that it is necessary to have a singlet component to reduce the large annihilation cross section during freeze-out. The higher multiplet n > 3 is also tightly constrained by the plasma screening and Higgs diphoton constraints. We will focus on the strong FOPT and GWs in the blind spot region with broad DM mass range in the MSDM and MSTM. Here, we adapt the effective Lagrangian in Ref. [40] . Denote the SM singlet as S and the neutral component of the multiplet as H 0 n . Due to the mixing between two fields, the mass eigenstates have
The effective Lagrangian for the mass eigenstates has
Define the dimensionless coupling λ hχχ = a hχχ /(2v) and λ hss = a hss /(2v). According to Ref. [40] , the mixed DM scenario could have large viable parameter region after imposing the direct detection constraints and requirement on the DM relic abundance. Unlike the IDM, the DM mass could be arbitrary. The viable parameter region strongly depends on two parameters: the λ hχχ , and the mixing angle θ. The spin-independent direct detection rate is dominated by the Higgs exchange with the cross section:
Thus, the λ hχχ needs to be small to avoid tight direct detection constraints. In this study, we take the blind spot region: λ hχχ ∼ 0. The dominant thermal annihilation channels could be very different and distinct depending on the DM mass region. To produce detectable GW signature, we would like to focus on the moderate DM mass region (m W < m χ < 300 GeV) 5 . The dominant annihilation channels are
• the s-channel annihilations: χχ → h → W W, ZZ, f f , in which the annihilation rate depends on the λ hχχ ;
• the contact four point annihilation: χχ → W W for real multiplet and χχ → W W, ZZ for doublet;
• the t-channel annihilation: χχ → W W via exchanging of the charged scalars;
Given λ hχχ ∼ 0 in the blind spot region, we assume that the contact and t-channel annihilation processes are dominant 6 . In this case, the annihilation cross sections only depend on the gauge interactions, and the annihilation rate near the blind spot region is greatly simplified as
for the mixed singlet-doublet, and
for the mixed singlet-triplet model. To obtain the required relic abundance, the mixing angle sin θ needs to satisfy
which could be deduced from Ref. [37, 38] . Note that this simple relation is only valid near the blind spot region. In the interested mass region (m W < m χ < 300 GeV), the well-tempered DM is favored. Therefore, we could choose the benchmark points by acquiring λ hχχ is close to zero (blind spots) and sin θ is determined by the above Eq. (17) . Using these two conditions, we could obtain correct relic abundance, while escaping the DM direct detection constraints and obtaining a strong FOPT with detectable GWs.
A. The Mixed Singlet-Doublet Model
The MSDM contains a singlet S with hypercharge Y = 0, and a doublet with hypercharge Y = 1/2. The tree level potential in the MSDM is
also viable. But we focus on a broader parameter region in this work. 6 There is still small parameter region in which the s-channel and gauge interactions have interference effects.
Here, we omit all interactions involving only S and H 2 and the kinetic terms. The mixed mass matrices are
The two eigenvalues of the mass-squared matrix are 1 2
with the smaller eigenvalue corresponding to DM mass square
(20) The mixing angle is tan 2θ = 2Aṽ
The coupling between the Higgs boson and DM is
, and the coupling between the Higgs boson and the singlet scalar is
In the DM favored parameter spaces (small λ hχχ , sinθ ≈ m χ /540 GeV and m W < m χ < 300 GeV), a strong FOPT can be induced due to the fact that the strong FOPT can occur in the IDM and the mixing with an inert singlet can enhance the FOPT. The mixing term A SΦD † + h.c. does not significantly change the phase transition property except for the change of the eigenvalues of the masses. Taking the same approximations as in the IDM and writing in the forms of Eq.(5), we have
The strong FOPT can be easily realized if λ 3 and λ hss are order one which are allowed by the above DM constraints.
We take one set of benchmark points λ 3 = 3.006, λ 4 = −1. λ hχχ = 0.0009 and λ hss = 2.005. The corresponding GW spectra are shown in Fig.2 . This set of benchmark points can evade the constraints from DM direct experiments, give the correct relic density and produce detectable GW signals by eLISA, BBO, DECIGO and U-DECIGO. We estimate the deviation of the hZ cross section δ hZ at oneloop level is about 2.78% [58, 59] at the 240 GeV CEPC, which is well within the sensitivity of CEPC and ILC. As for the precise prediction on the collider signals at the CEPC and ILC in this MSDM model, we leave it in our future study.
B. The Mixed Singlet-Triplet Model
Similarly, the MSTM contains a real singlet and a real triplet with Y = 0. The relevant potential in the MSTM is
with the DM mass square The phase transition GW spectra h 2 ΩGW in the MSTM. The colored regions represent the expected sensitivities of GW interferometers U-DECIGO, DECIGO, BBO and eLISA, respectively. The black line depicts the GW spectra and the corresponding DM coupling in the MSTM for the set of benchmark points.
The coupling between the Higgs boson and the singlet is
Taking the same approximations as in the above discussions, we have
In the MSTM, we take the set of benchmark points κ = 0.01, κ Σ = 3.0, ξ = 0.31337, M Σ = 50 GeV, M S = 119.93 GeV. Then, we have m χ = 120 GeV, λ hχχ = 0.001 and λ hss = 1.504. The GW spectrum is shown in Fig.3 , which is within the sensitivity of the BBO, eLISA, DECIGO and U-DECIGO. We also leave the study of collider signals in the MSTM in our future study.
IV. CONCLUSION
We have investigated the GW signatures associated with the possible strong FOPT in the early universe in a generic class of inert scalar multiplet DM models. We have found that there is usually a strong tension between the strength of the phase transition and the DM direct detection, except the blind spot region with narrow DM mass range in the IDM. In the IDM, we have shown that although the direct detection experiments could not probe the blind spot region, at which the Higgs-DM coupling is zero, the GW detection and lepton colliders could help us further explore the parameter space which cannot be addressed by the DM searches.
To enlarge the blind spot region with broader DM mass range, we considered the mixed scalar DM scenario. We focused on the minimal singlet-doublet dark matter and minimal singlet-triplet DM models, and showed that the blind spot region in these models could avoid all the relevant constraints, have required relic density, and produce strong FOPT in the early universe. The GW signatures are explored in this scenario, and we found that the blind spot region could be further explored via the GW signatures and collider signatures in future. This provides us a new way to detect the DM in future. And our strategy could also be used to more general DM scenarios than the scalar multiplet DM models. We expect the future GW and collider experiments, such as eLISA and TianQin [60] , CEPC and ILC, could probe these DM scenarios beyond the reaches of the DM direct detection experiments. [65] at T * . In the turbulence mechanism, the GW signals have the peak frequency at about f * tu = 1.75β/v b at T * [54] , and the phase transition GW intensity is formulated by [8, 66] Ω tu (f )h (1 + f /f tu ) 11/3 (1 + 8πf a 0 /(a * H * )) .
In the sound wave mechanism, the GW spectrum can be written as [6, 54] Ω sw (f )h with the peak frequency f * sw = 2β/( √ 3v b ) at T * [6, 54] , where λ sw α (0.73 + 0.083 √ α + α) −1 for relativistic bubbles [67] .
